We have recently shown that the histidine-rich calcium binding protein (HRC) promotes the invasion and metastasis of hepatocellular carcinoma (HCC). In the current study, we evaluated whether HRC may also affect the growth of HCC. We found that ectopic expression of HRC obviously enhanced proliferation and colony formation, while suppression of HRC exhibited inhibitory effects. Furthermore, we demonstrated that HRC promoted tumor growth in nude mice. These effects may result from the ability of HRC to upregulate cyclinD1 and cyclin-dependent kinase 2 (CDK2) expressions and promote G1 ⁄ S transition. Further study showed that MEK ⁄ ERK signaling pathway was involved in HRC-induced cell proliferation. Interestingly, overexpression or depletion of HRC revealed its regulation on endoplasmic reticulum stress (ERS) and apoptosis, which was partially dependent on PERK ⁄ ATF4 ⁄ CHOP signaling pathway. In addition, blocking ERS using 4-phenylbutyric acid (4-PBA) not only downregulated the expression of PERK, ATF4 and CHOP, but also significantly decreased apoptosis induced by HRC silence, whereas ERS inducer thapsigargin (TG) exerted the opposite effects. Our study thus demonstrates a role of HRC in promoting HCC growth, besides its role in inducing HCC metastasis, and highlights HRC as a promising intervention target for HCC.
H epatocellular carcinoma (HCC) is a prevalent malignant tumor and the third leading cause of cancer death worldwide.
(1) Although substantial oncogenes and tumor suppressor genes have been associated with HCC, the underlying molecular mechanism of HCC pathogenesis remains far from fully understood. Therefore, novel therapeutic candidates for HCC are urgently needed.
The histidine-rich calcium binding protein (HRC) plays a pivotal role in Ca 2+ -homeostasis. (2) Calcium (Ca 2+ ) is an essential intracellular signaling molecule involved in the regulation of cancer progression, including cell proliferation, apoptosis, invasion and migration. (3, 4) Recently, multiple calcium-binding proteins have been shown to be implicated in HCC progression. (5) (6) (7) Our previous study showed that HRC was overexpressed in human HCC tissues, and positively correlated with the tumor size and metastasis of HCC. (8) Nevertheless, the exact role of HRC in HCC tumorigenesis remains to be clarified.
Substantial evidence has elucidated that abnormal cellular proliferation and apoptosis are common events in cancer. (9) Calcium signals can activate ERK and AKT signal transduction, which have been reported to act as the potent proliferative factors in HCC. (10) (11) (12) Endoplasmic reticulum (ER) stress is associated with several types of human cancers, and it plays a crucial role in regulating cell survival and death. (13) (14) (15) Moreover, recent studies have shown that unbalanced calcium homeostasis can lead to ER stress. (16, 17) In this study, for the first time, we showed that HRC promoted the growth of the human HCC cells both in vitro and in vivo. The mechanism may be due to the regulation of proliferation, cell cycle and apoptosis. More importantly, we found that HRC-induced cell growth and apoptosis inhibition were mediated by the MEK ⁄ ERK pathway and ER stress, respectively. In conclusion, we propose that HRC is a potential intervention target of HCC.
Materials and Methods
Cell culture, reagents and antibodies. The human HCC cell lines Sk-hep-1 and SMMC-7721 (Institute of Liver Diseases, Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China) were routinely cultured in DMEM supplemented with 10% FBS in a 5% CO 2 atmosphere at 37°C. The ER stress inhibitor 4-phenylbutyric acid (4-PBA) and inducer thapsigargin (TG) were purchased from Cayman Chemical (Ann Arbor,MI,USA). The antibodies are shown in Supplementary Table S1 .
RNA extraction and quantitative real-time PCR. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Reversetranscribed complementary DNA was synthesized using the PrimeScript RT Reagent Kit (TaKaRa, Tokyo, Japan). Real-time PCR was performed using SYBR Premix ExTaq (TaKaRa) on an ABI StepOne Real-Time PCR System (Applied Biosystem, Carlsbad, CA, USA). The sequences of the primers used for RT-qPCR are listed in Supplementary Table S2 .
Plasmid, small interfering RNA and transfection. The human HRC plasmid (pcDNA3.1-HRC) was purchased from Genechem (Guangzhou, China), and small interfering RNA (siRNA) was synthesized and purified by RiboBio (Guangzhou, China). The HRC siRNA sequence used was 5 0 -CCACAGAGACGAGGAAGAAdTdT -3 0 . Transfection of siRNA and plasmids was performed using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instruction.
Western blotting analysis. Western blotting was performed as previously described. (18) Briefly, Samples containing 30 lg of total protein were resolved on 10% polyacrylamide SDS gels, and electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% skim milk, incubated with appropriate primary antibodies and HRP-conjugated suitable secondary antibodies, followed by detection with enhanced chemiluminescence reagents (Pierce Chemical, Rockford, IL, USA). GAPDH was used as a loading control.
CCK-8 assay. The cell proliferation was analyzed by Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. Briefly, the cells were pretreated with or without PI3K ⁄ Akt inhibitor LY294002(10um) and MEK inhibitor U0126(10um), and then transfected with plasmids or siRNA. At least five wells were used for each group. After the incubation, 10 lL of the CCK-8 reagent was added to each well. The absorbance was measured at 450 nm using a BioTek ELX800 microplate reader (BioTek, Vermont, NE, USA).
Cell cycle analysis. Forty-eight hours after transfection, cells were harvested, washed with PBS and fixed in 70% ethanol at 4°C overnight. After fixation, cells were washed twice with PBS before re-suspension in propidium iodide ⁄ RNase A solution (5 lg ⁄ mL propidium iodide and 100 mg ⁄ mL RNase A). Cells were incubated with propidium iodide at room temperature in the dark for 1 h. Stained cells were analyzed using a FACScan flow cytometer (BD Biosciences, Mountain View, CA, USA).
Colony formation assay. Cells were harvested 24 h after transfection. Transfected cells were seeded in a fresh six-well plate (500 cells ⁄ well) and culture for 12 days. Resistant colonies were fixed with 10% formaldehyde and stained with 1.0% crystal violet.
EdU Assay. Cell proliferation was measured by 5-ethynyl-2 0 -deoxyuridine (EdU) assay using an EdU assay kit (Ribobio) according to the manufacturer's instructions. Briefly, cells were cultured in triplicate at 5 9 10 3 cells per well in 96-well plates, pretreated with or without LY294002 and U0126, and then transfected with plasmids or siRNA for 48 h. The cells were then exposed to 50 lM of EdU for an additional 1 h at 37°C, fixed with 4% formaldehyde for 15 min at room temperature and treated with 0.5% Triton X-100 for 20 min at room temperature for permeabilization. After washing with PBS, the cells were treated with 100 lL of 19 Apollo reaction cocktail for 30 min. Subsequently, the DNA contents of each well of cells were stained with 100 lL of Hoechst 33342 (5 lg ⁄ mL) for 30 min and visualized under a fluorescent microscope (Olympus, Osaka, Japan).
Caspase-3 assays. The HCC cells were cultured at 3 9 10 5 cells ⁄ well in a 24-well plate under serum free conditions, and transfected with siRNA or plasmid. The cells were incubated for 18 h, collected and lysed using the colorimetric buffers of the Caspase-3 Kit (R&D Systems, Minneapolis, MN, USA). In addition, the concentration of protein in the lysates was measured by Bio-Rad protein assay. The relative activity of caspase-3 to convert their respective substrates was measured by OD (405 nm) per mg of protein lysate.
Apoptosis analysis. To evaluate the percentage of apoptotic cells, we measured the cell surface exposure of phosphatidylserines using a FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA, USA). Cells were collected, washed twice in ice-cold PBS and re-suspended in 19 binding buffer. Annexin V and propidium iodide (PI) were added to the cell preparations and incubated for 15 min at 25°C in the dark. After staining, the samples were analyzed by flow cytometer.
Xenograft tumor models. All animal experiments were performed in accordance with protocols approved by the local animal care and use committee. BALB ⁄ C nude mice (4-5 weeks, male) were purchased from the animal centre of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). Mice were randomly divided into two groups (six per group), which were injected s.c. with 5 9 10 6 SMMC-7721-HRC or SMMC-7721-vector cells. The length (L) and width (W) of the tumors were measured with digital vernier calipers. Tumor volume (TV) was determined according to the formula: TV = (L 9 W 2 ) ⁄ 2. After 35 days, the mice were killed and tumors were weighed.
Statistical analysis. All the data are expressed as mean values AE standard deviation (SD). Student's t-test was used to evaluate statistical significance. A P-value < 0.05 was used for statistical significance.
Results
Histidine-rich calcium binding protein contributes to hepatocellular carcinoma cell proliferation in vitro. To investigate the functional role of HRC in HCC, both gain-of-function and loss-of-function models were established with references to endogenous HRC expression levels in HCC cell lines. Successful overexpression and knockdown of HRC were illustrated by RT-qPCR and western blotting (Fig. 1a) . Our previous study showed the positive correlation between HRC expression and tumor size, (8) which suggested the importance of HRC in HCC growth. In line with this result, we showed that overexpression of HRC in SMMC-7721 cells remarkably enhanced cell proliferation and clonogenicity, whereas HRC knockdown in Sk-hep-1 cells reduced proliferation and colony-forming ability (Fig. 1b,c) , as demonstrated by CCK-8 and colony formation assay. Furthermore, we used the EdU incorporation assay, which is a more sensitive and specific method to detect cell proliferation. As expected, the number of cells incorporating EdU in SMMC-7721-HRC cells (SMMC-7721 cells stably overexpressing HRC) was increased as compared to the SMMC-7721-vector cells, and HRC knockdown significantly decreased the number of cells incorporating EdU (Fig. 1d) . Taken together, these results indicate that HRC enhances cell growth of HCC in vitro.
Histidine-rich calcium binding protein promotes tumor growth in vivo. Having observed the role of HRC in HCC cell growth in vitro, the oncogenic function of HRC in HCC was further confirmed in vivo by subcutaneous xenograft models. SMMC-7721-vector and SMMC-7721-HRC cells were subcutaneous injected into nude mice, and tumor growth was monitored weekly. Consistent with our in vitro data, ectopic expression of HRC in HCC cells showed significantly higher tumorigenicity, as compared to the control (Fig. 2a) . We also confirmed that the expression of HRC was indeed upregulated in the SMMC-7721-HRC group compared to the SMMC-7721-vector group (Fig. 2b,c) . Furthermore, the tumor volume and the weight of nude mice in the SMMC-7721-HRC group was larger than that in the SMMC-7721-vector group (Fig. 2d,e) . These data further confirmed the biological importance of HRC in HCC development.
Histidine-rich calcium binding protein induces G1 ⁄ S transition in hepatocellular carcinoma cells. To explore the mechanism of HRC-mediated cell growth, we analyzed the cell cycle of HCC cells. The results showed that ectopic expression of HRC dramatically increased the percentage of cells in the S peak and decreased the percentage of cells in the G1 ⁄ G0 phase, and HRC silence exerted the opposite effect (Fig. 3a,b) . Next, we measured the expression of the commonly utilized proliferation markers, cyclinD1, cyclinE, CDK2 and CDK4. Prominent changes in the levels of G1 phase regulators cyclinD1 and CDK2 were noted in HCC cells, but no differences were shown on the expression of cyclinE and CDK4 (Fig. 3c,d) . Collectively, these results suggest that HRC promotes G1 ⁄ S transition.
Histidine-rich calcium binding protein regulates hepatocellular carcinoma cell proliferation by MEK ⁄ ERK signal pathway. Given that MEK ⁄ ERK and PI3K ⁄ Akt pathways are closely associated with HCC cell proliferation, (10) we analyzed the expression of phosphorylated MEK, ERK and Akt. The results showed that HRC overexpression enhanced while HRC knockdown suppressed the expression of p-MEK and p-ERK, but the phosphorylation of Akt was not changed (Fig. 4a) . To clarify whether MEK ⁄ ERK pathway or PI3K ⁄ Akt pathway or both are involved in HRC-induced cell proliferation, the specific inhibitors of MEK (U0126) and PI3K (LY294002) were used. As expected, CCK-8 and EdU assay both demonstrated that HRCinduced cell proliferation was abolished by U0126, but not by LY294002 (Fig. 4b,c) . These data suggest that the pro-growth function of HRC in HCC may be mediated by the MEK ⁄ ERK signal pathway.
Histidine-rich calcium binding protein protects cells from endoplasmic reticulum stress-induced apoptosis. To determine whether HRC influences cell apoptosis, flow cytometry was performed. The results demonstrated that HRC overexpression significantly decreased the percentage of apoptotic cells, and HRC silence increased the percentage of apoptotic cells (Fig. 5a) . We further assessed the activation of a key apoptosis mediator, caspase-3. Ectopic expression of HRC suppressed whereas HRC knockdown enhanced caspase-3 activation (Fig. 5b,c) . Next, we investigated whether the effect of HRC on apoptosis was associated with changes in the expression of anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins in HCC cells. To our surprise, the levels of Bcl-2 and Bax were not changed (Fig. 5d,e) . Interestingly, we found that the PERK ⁄ ATF4 ⁄ CHOP signaling pathway, which is the major pathway of ER stress-mediated apoptosis, was obviously activated following HRC knockdown. In contrast, the expression of PERK, ATF4 and CHOP were obviously suppressed in SMMC-7721-HRC cells as compared with SMMC-7721-vector cells (Fig. 5d,e) . From the above results, we conclude that HRC protects HCC cells from ER stressinduced apoptosis.
Endoplasmic reticulum stress is associated with the anti-apoptosis role of histidine-rich calcium binding protein. The role of ER stress in apoptosis has been recognized; thus, it was of great interest to examine whether or not the protective role of HRC in apoptosis is coupled to ER stress. Hence, in the present study we employed an ER stress inducer, thapsigargin (TG), and an ER stress modulator, 4-phenylbutyrate acid (4-PBA). In accordance with our expectation, pretreatment with TG not only upregulated the expression of ER stress molecular indicators (Fig. 6a) , but also abolished the anti-apoptosis function of HRC (Fig. 6c) , and pretreatment with 4-PBA achieved the opposite effect (Fig. 6b,d ). To corroborate these results, the effects of TG and 4-PBA were also examined using caspase-3 activation as the apoptotic endpoint. As expected, HRC overexpression was not able to inhibit caspase-3 activation when cells were pretreated with TG, and the activity of caspase-3 induced by HRC silence was suppressed following 4-PBA pretreatment (Fig. 6e) . These results suggested that ER stress is involved in HRC-mediated apoptosis inhibition.
Discussion
Recent studies have revealed that a variety of calcium-binding proteins contribute to the development of cancers. (19, 20) Previously, we showed that the histidine-rich Ca 2+ -binding protein (HRC) expression significantly correlated with tumor size and metastasis of HCC, and we found that HRC promoted HCC metastasis through Ca 2+ ⁄ CaM signal. (8) However, the role of HRC in the growth of HCC has not been investigated yet. In this study, for the first time, we demonstrate that HRC is involved in the processes of cell proliferation, colony formation, cell cycle progression and apoptosis in vitro. The significant pro-growth function of HRC in vivo additionally suggests that HRC may be a potential intervention target of HCC.
Recent advances in cancer biology have implicated changes of calcium-binding protein expression as an important mechanism controlling cell proliferation in HCC. (6, 7, 21) Wu et al. (6) report that S100A9 promotes the proliferation of HepG2 cells, whereas S100C ⁄ A10 is reported to inhibit the growth of hepatoma cells via induction of p21 ⁄ Waf1. (21) We demonstrated that exogenous expression of HRC promotes cell growth and enhances the colony formation ability of SMMC-7721 cells, whereas HRC knockdown in Sk-hep-1 cells causes the opposite effects. Loss of cell cycle control is one of the mechanisms that leads to unlimited growth of cancer cells. (22, 23) To determine whether this mechanism underlies the proliferative promotion effect of HRC, we investigated the effect of HRC on cell cycle regulation. Our results demonstrate that HRC promoted G1 ⁄ S transition, and the expression of the G1 phase regulators cyclinD1 and CDK2 was upregulated in SMMC-7721-HRC cells. This results support the role of HRC in promoting G1 ⁄ S transition as a mechanism for enhancement of HCC cells growth.
The MEK ⁄ ERK and PI3K ⁄ Akt signaling pathways regulate many fundamental cellular functions, such as cell proliferation, survival and motility. (24, 25) Upregulation of these pathways is crucial in the promotion or development of tumor cell growth. We next examined the functional involvement of these two pathways in HRC-induced cell proliferation. Intriguingly, p-MEK and p-ERK, but not p-Akt, were increased following HRC overexpression. Conversely, HRC knockdown inhibited the phosphorylation of MEK and ERK. Furthermore, the proliferation promotion effect of HRC was significantly abolished by the MEK inhibitor U0126. Thus, our data indicate that activation of MEK ⁄ ERK signaling is responsible for HRC-mediated cell proliferation.
Endoplasmic reticulum stress response is often described as one of the mechanisms in liver diseases, including HCC. (26) In this study, we provide the first evidence to confirm that HRC can regulate ER stress, as indicated by the change in ER stress-related genes. Mild ER stress is helpful for restoring cellular homeostasis, but the persistent and unalleviated ER stress elicits apoptosis. (13) The CAAT ⁄ enhancer binding protein homologous protein (CHOP) has been reported to be a crucial ER stress responsive factor that executes apoptosis, which can be induced and upregulated by the PERK ⁄ ATF4 signaling pathway. (14, 27) This study provides important evidence that HRC suppresses PERK ⁄ ATF4 ⁄ CHOP signaling pathways in HCC cells, and that the induction of ER stress is implicated in HRC-inhbited cell apoptosis. Caspases-3 has been proposed as the specific mediator of ERS-induced apoptosis. (28) Our data show that HRC overexpression suppressed while HRC knockdown enhanced the activation of caspase-3. Moreover, blocking ER stress by the ERS inhibitor 4-PBA not only effectively inactivated the PERK ⁄ ATF4 ⁄ CHOP pathway, but also significantly decreased apoptosis induced by HRC silence. The protective effect of HRC on cell apoptosis could be repressed when TG is applied, which is a well-known ER stress inducer. Certainly, other ER stress-related genes should be studied in future work to elucidate the molecular mechanism of HRC and ER stress.
In summary, we provide the first evidence that HRC is an important oncogene that contributes to HCC growth, which is a consequence of cell proliferation and apoptosis. Further study showed that these changes were partially mediated by the MEK ⁄ ERK pathway and ER stress. The reason for the overexpression of HRC in HCC cells requires further research. Our findings have enriched the knowledge on the molecular mechanisms underlying HCC and suggest that HRC is a potential intervention target.
